ABSTRACT This paper reports a theoretical analysis of osmotic transients and an experimental evaluation both of rapid time resolution of lumen to bath osmosis and of bidirectional steady-state osmosis in isolated rabbit cortical collecting tubules exposed to antidiuretic hormone (ADH). For the case of a membrane in series with unstirred layers, there may be considerable differences between initial and steady-state osmotic flows (i.e., the osmotic transient phenomenon), because the solute concentrations at the interfaces between membrane and unstirred layers may vary with time. A numerical solution of the equation of continuity provided a means for computing these time-dependent values, and, accordingly, the variation of osmotic flow with time for a given set of parameters including: P (cm s'), the osmotic water permeability coefficient, the bulk phase solute concentrations, the unstirred layer thickness on either side of the membrane, and the fractional areas available for volume flow in the unstirred layers. The analyses provide a quantitative frame of reference for evaluating osmotic transients observed in epithelia in series with asymmetrical unstirred layers and indicate that, for such epithelia, P determinations from steady-state osmotic flows may result in gross underestimates of osmotic water permeability. In earlier studies, we suggested that the discrepancy between the ADH-dependent values of Pf and PD (cm s-', diffusional water permeability coefficient) was the consequence of cellular constraints to diffusion. In the present experiments, no transients were detectable 20-30 s after initiating ADH-dependent lumen to bath osmosis; and steady-state ADH-dependent osmotic flows from bath to lumen and lumen to bath were linear and symmetrical. An evaluation of these data in terms of the analytical model indicates: First, rHE JOURNAL OF GENERAL PHYSIOLOGY VOLUME 64, 1974 pages 201-227 201 THE JOURNAL OF GENERAL PHYSIOLOGY · VOLUME 64 · 1974 cellular constraints to diffusion in cortical collecting tubules could be rationalized in terms of a 25-fold reduction in the area of the cell layer available for water transport, possibly due in part to transcellular shunting of osmotic flow; and second, such cellular constraints resulted in relatively small, approximately 15 %, underestimates of P .
INTRODUCTION
The manner in which antidiuretic hormone (ADH) augments water permeability in certain epithelia, such as frog skin (1, 2) , toad urinary bladder (3) (4) (5) , or the mammalian collecting tubule (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , is uncertain. In earlier experiments, we observed (14) , in agreement with the original report of Grantham and Burg (8) , that ADH increased strikingly the water permeability of the luminal surfaces (plasma membranes and/or tight junctions) of mammalian cortical collecting tubules. Under these conditions, P (cm s-), the osmotic water permeability coefficient, and PD% (cm s-1), the diffusional water permeability coefficient, were, respectively, 186 X 10-4 and 14.2 X 10-4 cm s-'.
However, the ADH-dependent reflection coefficient of the luminal surfaces for urea, sucrose, and NaCl was unity (15) . Since PD was invariant over a 10-fold range of bulk phase viscosity, it seemed unlikely that bulk phase unstirred layers of any appreciable magnitude were present in the luminal or bathing solutions (14) . We suggested that the primary mode of water transport through the luminal surfaces was diffusional, and that the cell layer, exclusive of the luminal surfaces, hindered water diffusion but not bulk flow. Cellular diffusion resistance (Re, s cm-') was expressed as (14) :
The value of R, required to rationalize the discrepancy between the ADHdependent values of Pf and PD. in terms of Eq. 1 was 650 s cm-', approximately 25 times greater than for an equivalent thickness of water, taking Dw to be 2.36 X 10 -6 cm 2 s -' (16) and the thickness of the cell layer to be 6-7 X 10-4 cm (14) . Significantly, the diffusion resistance of cortical collecting tubules for lipophilic solutes, having zero reflection coefficients (15) , was approximately 15-25 times greater than in free water (14) . Thus, there is, at a minimum, presumptive evidence for such diffusion constraints in the cell layer. However, the origin of the latter has not been specified. According to this view, the value of Pf might be useful in analyzing diffusion processes in luminal surfaces and the effects of ADH on these events. It is clear, however, that both the validity of the hypothesis stated in Eq. 1 and inferences deduced from this hypothesis depend in large part on the accuracy with which Pf has been determined. It has been widely assumed in this connection that bulk phase unstirred layers do not significantly affect experimental measurements of Pf (17) (18) (19) (20) (21) (22) . However, Wright et al. (23) recently observed that the initial rates of osmotic water flow from serosa to mucosa in rabbit gall bladder were considerably greater than the steady-state values. These workers deduced that the discrepancy between initial and steady-state osmotic flows was the consequence of flow-dependent changes in the concentration of solutes in the lateral intercellular spaces, and indicated the possibility that, as a result of such solute polarization, steady-state osmotic flow measurements in epithelia might result in significant underestimates of Pf. Although similar suggestions have also been made by other workers (24) (25) (26) (27) (28) , there is not available, to our knowledge, a detailed quantitative treatment of the osmotic transient phenomenon.
This paper presents a theoretical analysis of the effects of unstirred layers and unstirred layer geometry on transient and steady-state osmotic volume flows, an experimental study of the osmotic transient phenomenon in rabbit cortical collecting tubules exposed to ADH, and a consideration of factors mediating cellular constraints to diffusion in this epithelial tissue. In a companion paper, we have examined ADH-independent osmotic volume flows from lumen to bath and the effect of these flows on solute fluxes (29) . Taken together, the results are compatible with the view that ADH-dependent osmotic volume flow (i.e., osmotic flow in the presence of ADH) from lumen to bath involves water diffusion along the entire luminal surface of cortical collecting tubules, with relatively negligible contributions by tight junctions, and that the resistance to water diffusion in the cell layer is referable to restrictions in the area available for water transport, due in part to possible transcellular shunting of volume flow. Preliminary reports of portions of this work have been reported elsewhere (30) .
METHODS
The techniques for isolating and perfusing segments of cortical collecting tubules utilized in the present experiments were identical, with the exceptions noted below, to those described previously (14, 15) , and in close accord to the methods first described by Burg et al. (31) . Stated briefly, a typical experiment involved the freehand dissection of a 1.2-4.0-mm segment of cortical collecting tubule from a 2-3-mm thick crosssectional slice of untreated left kidney from a 1.5-2.5-kg female New Zealand white rabbit. The dissected tubule was transferred to a thermoregulated Lucite perfusion chamber (volume -1.2 cm 3 ) filled with a modified Krebs-Ringer bicarbonate buffer (KRB) containing 115 mM NaCl, 25 mM NaHCOs, 10 mM Na acetate, 1.2 mM NaH 2 PO 4 , 5 mM KC1, 1.0 mM CaC1 2 , 1.2 mM MgSO 4 , 5.5 mM glucose, and 5.5 % (vol/vol) calf serum. The buffer was adjusted to 290 mosmol liter-', pH 7.4, gassed continuously with 95 % 02 to 5 % CO 2 , and maintained at 25 0.5°C.
A schematic diagram of the tubule perfusion setup is shown in Fig. 1 . At one end, the tubule was sucked into a glass holding pipet; a smaller concentric perfusion pipet was advanced through the holding pipet approximately 150 X 10-4 cm into the tubule lumen. The tubule segment was perfused at rates of 25-30 nl min -' by a syringe pump in series with the perfusion pipet. Unless otherwise indicated, the perfusing solution was a modified Krebs-Ringer phosphate buffer (KRP) containing: 150 mM NaCl, 2.5 mM K 2 HPO 4 , 1.0 mM CaC1 2 , and 1.2 mM MgSO4, adjusted to pH 7.4 and 290 mosmol liter -'. Inulin-methoxy-3 H (New England Nuclear, Boston, Mass.; lot numbers 281-227 and 281-257) was added to the perfusing solution at a final activity of 25-50 AC ml -' and served both as a volume marker and to detect leakage of perfusing solution to the bath. The leakage rate was less than 1 % of the perfusion rate in the experiments reported in this paper.
The other end of the tubule was drawn into a glass collecting pipet containing a small amount of Sylgard 184 (Dow Corning Corp., Midland, Mich.) to form a seal between glass and tissue (Fig. 1) . The perfused fluid accumulated in the collection pipet and was removed at timed intervals (see below) with a calibrated constant bore glass capillary (sampling pipet). In order to increase accuracy, we used capillaries calibrated at 1.1-1.25 nl mm' or 3.5-3.7 nl mm -' for, respectively, sample volumes less than or greater than 150 nl. As in earlier experiments (14) : the perfusion rate was calculated from the known concentration of volume marker in the initial perfusion fluid and the measured amount of volume marker recovered in collected fluid; the rate of volume collection was calculated from the length of the fluid column in the sampling pipet; and the net volume flux was computed from the difference between perfusion and collection rates. The inner surface area was calculated from the tubule length and inner tubule diameter, measured as described previously (14) . The volume flows were expressed as cm 3 s -1 cm -2 ; a negative flow denotes volume efflux from lumen to bath.
In the experiments involving osmotic volume fluxes over brief time intervals (i.e., less than 10 min), it was necessary to reduce as much as possible the residual volume left in the collecting pipet. Accordingly, the collection pipets were formed with a narrow taper at the tip. During an experiment, samples were drawn into the sampling pipet until the fluid level in the collecting pipet was at or lower than the end of the tubule (Fig. 1) . In order to estimate the residual volume after such sampling, the following procedure was carried out. The tapered end of the collection pipet was sealed with Sylgard with no tubule in place. Approximately 100 nl of perfusion solution containing 3 H-inulin at a specific activity greater than 400 cpm nl -' was placed in the tip of the collection pipet. After 8 min, the fluid was removed with a sampling pipet, taking care to ensure that the residual fluid level in the collection pipet was approximately equal to that in an experiment with a tubule segment. Then, 100-200 nl of water were placed into the tip of the collection pipet. After 10 min, this solution was removed and counted. The residual volume of perfusion solution, computed from the remaining radioactivity, was always less than 1.5 nl. Thus, even with volumes as small as 15 nl (the minimum sample in these experiments), the maximum contamination from preceding samples was < 10 %.
Since we collected as much of a sample as possible, oil columns were not added to the collection pipets because oil tends to dissolve Sylgard when in contact with it. To test whether evaporation of fluid from the collecting pipets was negligible, perfusion solutions of known specific activity (> 100 cpm n-1') were added to Sylgard-blocked collection pipets. After 15 min (longer than any collection period), these solutions were removed and their specific activities were determined. The average loss of volume was 0.05 nl, which is well within the range of experimental error in determining either perfusion rates or collection rates. As a final check, six tubules were perfused and bathed for 2-h periods with isotonic Krebs-Ringer solutions. Fluid was collected at 10-min intervals and oil columns were not added to the collection pipets. The net volume reabsorption from these tubules was not significantly different from zero, either in the absence or presence of ADH (250 U ml-' in the bath).
The bathing solution for such zero volume flow experiments was isotonic KRB buffer. In order to initiate water flow from lumen to bath at precise times, 0.2-0.7 ml of 1 M NaCl or 0.4-0.6 ml of 1 M sucrose or urea were rapidly introduced into the bathing medium from a -ml syringe. The plunger of the syringe was pumped four times in 5 s to speed mixing. Within 5 s, all refractive index lines (as seen under a X 450 inverted microscope) had disappeared. In order to test the rapidity of mixing more quantitatively, the perfusion chamber was filled with KRB buffer and the perfusion and collection pipets were placed in their usual site in the chamber. A 1-Al pipet was positioned by a micromanipulator between the pipets (i.e., in place of a tubule) and a bath sample was taken. Then, 0.35-0.7 ml of 1 M NaC1l were injected rapidly into the chamber as described above. One-jul samples were taken 5-6 s and 10 min after the concentrated NaCl solution had been added to the bath. Table I presents the results of two such experiments, which indicate clearly that complete mixing of the bath had occurred within 5 s.
The following protocol was utilized in a typical experiment involving the early phase of osmotic volume flow. Perfusion of the tubule was begun in a bathing medium of isotonic KRB containing 250, U ml-' ADH (aqueous Pitressin, 'Parke Davis & Co., Detroit, Mich.). Four to eight collections were taken at 10-min intervals to ensure that there was no net osmotic flow. Then, at a time recorded by a second experimenter, as much fluid as possible was removed from the collecting pipet. With practice, it was possible to obtain a sample approximately 30 s after the clearing procedure, then 2, 4, 10, and 20 min thereafter. In each experiment, a control sequence of rapid sampling was carried out in the isotonic bath. In the subsequent test sequence, one worker injected a concentrated NaCl, urea, or sucrose solution into the bathing medium; the second worker emptied the collection pipet, and obtained rapid sequential samples at the times indicated above. The bath was then flushed repeatedly with isotonic KRB The listed volumes of I M NaCI were added to isotonic KRB buffer in the perfusion chamber at zero time. The Na+ concentration in the bath was measured at the indicated times.
buffer containing 250 ,uU ml -' ADH and a control rapid sampling sequence was repeated. An experiment was considered acceptable only when the control periods which bracketed the test sequence demonstrated net volume effluxes indistinguishable from zero.
The experimental reagents, isotope counting techniques, and chemical determinations were the same as those described previously (14, 15) . Computer programs were written in Basic Language and were run on a remote terminal of an IBM Model 370-155 computer system (IBM Corp. Data Processing Div., White Plains, N.Y.) at the Division of Biophysical Sciences, University of Alabama in Birmingham. Volume flow measurements in a given tubule were used to compute a mean value for that tubule. Mean values for individual tubules were then used to calculate a mean value standard error for the mean (SEM) for a number of tubules.
RESULTS

Theoretical
Analytical Model In an ideal osmotic volume flow experiment, a relatively rigid membrane separates two uniformly mixed solutions, I and II, having identical concentrations of impermeant solute and the same hydrostatic pressure. At zero time, the solute concentration in one solution is raised and water flows from the more dilute to the more concentrated solution. The net volume flow J, (cm 3 s-l cm-2) across a unit area of the membrane may be expressed according to a form of the familiar Starling equation:
where a is the reflection coefficient of the solute in solutions I and II, V, (cm 3 mol -') is the partial molar volume of water, ACo is the difference between the osmolalities of the two solutions at the membrane-solution interface, and P (cm s-'), the osmotic water permeability coefficient, is (32):
where L, (cm s -' atm-') is the coefficient of hydraulic conductivity, R is the gas constant, and T the absolute temperature. We now note two types of constraints that may arise in connection with Eq. 2. First, consider the possibility that the entire measured area (Am, cm2) of the membrane is not available for volume flow. In that case, Pf in Eq. 2 may bedefined as:
where fm is the fraction of membrane area available for volume flow and P' is the actual osmotic water permeability coefficient of the membrane. Thus, the flow velocity in the membrane phase is
In other words, when f, is less than unity, P,' will be greater than P . Consideration of the fm term is particularly relevant to water flows in epithelia, since it has been proposed that tight junctions may operate as paracellular shunts for solute transport in certain epithelia (33, 34) . If the major route of osmotic water flow in cortical collecting tubules were through tight junctions, the value off, would be significantly less than one. Clearly, under such conditions, inferences concerning the nature and function of luminal membranes, deduced from Pf values calculated according to Eq. 2, might be grossly misleading. Second, the ideal osmotic experiment assumes implicitly that solutions I and II are uniformly mixed, i.e., that ACo in Eq. 2 is:
where C, and C,, are the bulk phase osmolalities. Accordingly, J, is time invariant. Suppose, however, that each solution contains an unstirred layer in series with the membrane. When concentrated solute is added to one solution, a finite time will be required for solute molecules to diffuse from bulk solution to the membrane-solution interface. Subsequently, volume flow and solute diffusion in the unstirred layers will result in transient fluctuations in ACO; and, in the steady state, ACO will not be equal to (C, -CI) (17) . Thus, the problem is to describe the variation of ACO, and consequently J,, with time.
A schematic representation of the model to be analyzed is illustrated in Fig. 2 . A semipermeable membrane is situated between solutions I and II at x = 0. For convenience, it is assumed, first, that the membrane thickness is negligibly small in comparison to the unstirred layer thicknesses; and second, that the reflection coefficient of the membrane for solutes is unity. Adjacent to the membrane are unstirred layers having thicknesses ,/ and a in, respectively, solutions I and II. The fractional areas available for flow within the regions : and a are designated, respectively, f and f,. One may now consider two different types of unstirred layers, depending on the geometric constraints within the latter. In the first kind, termed type A, the area available for volume flow in a given unstirred layer equals A,, the experimentally measured membrane area. This kind of unstirred layer may
FIGURE 2. Schematic representation of the unstirred layer model. Values of x in regions a and a are considered to be, respectively, positive and negative. FIGURE 3. Convective and diffusional flows in lamella dx within an unstirred layer.
occur, for example, in series with synthetic membranes (18) (19) (20) (21) (22) 35) and various epithelia (4, 5, (36) (37) (38) . In certain instances, the thickness of a type A unstirred layer may be reduced by more effective stirring of the bulk solutions (4, 18-20, 36, 38) . Alternatively, it may be that the fractional area within an unstirred layer (f, and/or fs) is less than unity. Such an unstirred layer, termed type B, may exist in, among other regions, lateral intercellular spaces (39) or the supporting stroma of epithelia. For example, it appears reasonable to assume that the increased resistance of the supporting tissue of the toad urinary bladder to water diffusion (4), with respect to an equivalent thickness of water, may be the consequence of a reduction, referable to stromal elements, in the area available for water diffusion. In the present context, it is particularly relevant to note that the velocity of water flow in a type B unstirred layer is inversely related to the fractional area available for flow.
For the case of a membrane in series with either or both types of unstirred layers, AC°in Eq. 2 becomes:
. ,
where C . and C° are the osmolalities at the interface of the membrane with, respectively, regions a and . In order to evaluate these time-dependent values of C'° and C, consider a lamella dx within either unstirred layer. The convective and diffusional flows of solute for the lamella during osmosis are indicated in Fig. 3 , where C(x, t) and C(x + dx, t) indicate the solute osmolalities at, respectively, x and (x + dx), D (cm2 s -) is the solute diffusion coefficient, and t (s) is time. The flow velocity (cm s -') is:
(5) fi wheref, the fractional area available for flow at x, is given by:
Clearly, both C and J, are dependent on time; and C is dependent on distance. At any time t, the equation of continuity for dx is:
where n/lat (mol s-' cm-2) is the flux into dx. The Taylor series expansion of Eq. 6, neglecting higher order terms, is:
and, dividing all terms by dx, we have:
For simplicity, we will consider that, for volume flow from solution I to solution II, CI 1 but not Ci is changed at zero time; thus, C = Cr, for t < 0. In this instance, the boundary conditions for Eq. 8 are:
ac Jt) Eqs. 9 d and 9 e state that the flux of solute across the membrane is negligibly small. It is evident that mirror image boundary conditions apply for volume flow from solution II to solution I. Eq. 8 is a second order nonlinear differential equation and can not be integrated directly. Accordingly, Eq. 8 was evaluated, subject to the conditions in Eqs. 5, 5 a, 5 b, 9, 9 a, 9 b, 9 c, 9 d, and 9 e, by numerical integration with an explicit method (40) using the Basic Language program cited in Methods. This approach permits an evaluation of C,. and C at any time. Thus, one may predict transient values of J, from such time-dependent values of C and Co, a given set of parameters (CI, CI, P , D, a, /g, fa, and fi) and the expression:
Since the present paper provides no experimental evidence for the value of f, in cortical collecting tubules, the calculations will consider the term Pf,. An evaluation of the latter in terms of Eq. 4 is presented in the second paper of this series (29) . In the steady state, Eq. 8 reduces to:
.
( I ) Ox 2 fT Ox A detailed solution of Eq. 11 for the general case of a solute-permeable membrane in series with unstirred layers has been presented elsewhere (41) . In the present instance, the membrane is considered to have a unity reflection coefficient for solutes. Thus, following the analysis described previously (41), the steady-state osmotic flow is described as:
A comparison of Eqs. 4 c, 10, and 12 shows that ACO, the osmolality difference at the membrane interfaces, is given by the bracketed expression in Eq. 12, which indicates that values off, or fb less than unity contribute exponentially to changes in C, and CI . Accordingly, solute polarization as a consequence of volume flow through an unstirred layer will be considerably greater in a type B unstirred layer than in a type A unstirred layer of comparable thickness.
PREDICTIONS OF THE MODEL Some osmotic flow phenomena referable to the presence of unstirred layers are shown in a series of hypothetical osmotic experiments depicted in Figs. 4-7. As a frame of reference, the membrane illustrated in Fig. 2 may be viewed as the luminal surface of a representative epithelium (e.g., the luminal surface of a renal tubule, the mucosal surface of gall bladder or toad urinary bladder, or the outside surface of frog skin). In this context, the unstirred layer c represents any diffusion resistance, such as a cell layer, lateral intercellular space, serosal supporting tissue, or unmixed bulk phase, interposed between the luminal surface of the epithelium and solution II. We consider first (Fig. 4 ) membranes in which Pf is either 200 X 10-4 cm s-' or 1, 100 X 10-4 cm s-'; the former approximates the ADH-dependent value of Pf in toad urinary bladder (3, 4) and cortical collecting tubule (8, 14) , and the latter is comparable to Py estimates, from hydrostatic pressure measurements, in wet gels and uncoated cellophane (18, 42, 43) . The unstirred layer thicknesses of 3 = 50 X 10-4 cm and a = 250 X 10-4 cm have been chosen as reasonable estimates and/or underestimates for the thicknesses of, . The values of o, were computed from the numerically integrated form of Eqs. 8 and 10 (for both transient and steady-state flows) and from Eq. 12 (steady-state flows) using the parameters indicated in the figure. Note that the precision of the numerical solution (Eqs. 8 and 10) is indicated by two factors: First, convergence occurred uniformly and described the same transient over a wide range of step sizes; second, the steady-state values predicted by the numerical solution of Eqs. 8 and 10 were identical to those obtained from the exact steady-state expression, Eq. 12.
respectively, mucosal and serosal unstirred layers in epithelia (4, 23, 36, 37) . Solutions I and II contain isotonic salt solutions (300 mosmol liter-'); at zero time, one of the solutions is raised to 500 mosmol liter-' with a solute such as sucrose. Fig. 4 indicates the remarkably asymmetric nature of the osmotic transients, depending on the direction of flow. When solution I, containing the thinner unstirred layer 3, is made hypertonic, the flow from II to I peaks rapidly and declines monotonically to a steady-state value. The initial rise in JI II is referable to a rapid diffusion of solute from solution I through 3, which is relatively thin, to the membrane interface. Subsequently, volume flow through the unstirred layers increases and decreases, respectively, the values of C°and C. As a consequence, J,,I-I declines to the steady-state value predicted either by Eqs. 8 and 10 or by Eq. 12; i.e., the numerical solution (Eqs. 8 and 10) and the exact solution (Eq. 12) were identical in the steady state. The magnitude of the initial peak flow from solution II to solution I, for a given set of solution and unstirred layer parameters, will be regulated in large part by the rate of volume flow in the unmixed regions, and hence by the water permeability of the membrane. In Fig. 4 , this initial peak was approximately three-fold greater when Pt was 1,100 X 10-4 cm s-' instead of 200 X 10-4 cm s -1.
The situation is quite different for volume flow from solution I to hypertonic solution II. In this instance, the time required for diffusion of hypertonic solute from solution II to the membrane interface is considerably greater than from solution I to the membrane interface, owing to the grater thickness of ar. Consequently, an initial peak does not occur and J-'I' increases monotonically to the steady state.
It is clear from these observations that unstirred layers of different thicknesses on either side of a membrane are required for asymmetric osmotic transients. Thus, in epithelia such as gall bladder or toad urinary bladder, where the diffusion-limited regions are predominantly serosal (4, 23, 36, 37) , the shape of the osmotic transient will differ depending on the direction of flow. One may expect intuitively that, as volume flow through the unstirred layers increases, the disparity between solute concentrations at the membrane interfaces and in bulk solution will be amplified. There are several interesting consequences of this effect, which may be considered in terms of the curves at the two different Pf values in Fig. 4 .
First, the differences between the initial peak and steady-state values of JII I were considerably greater for the higher than for the lower value of Pf . Similarly, when P 1 was 1,100 X 10 -4 cm s-', J,'III at 20 s was a much lower fraction of the steady state J I-II than when Pf was 200 X 10 Second, the steady-state flows in a given direction were only twice as great for the higher than for the lower P, values, although the latter varied by more than five-fold. The steady-state flows in either direction shown in Fig. 4 were approximately 4 X 10-5 cm 3 s -x cm-2 and 7.5 X 10 -6 cm 3 s -' cm- 2 lia solely from steady-state flows, without explicit experimental evaluation of unstirred layer constraints on osmotic flows, may result in appreciable underestimates of the water permeability of such tissues; and as indicated above, the magnitude of the error increases in proportion to the value of P 1 . Furthermore, as will be indicated below, such errors may be amplified further either by increasing thickness (Fig. 5) or by reducing the fractional area available for flow (Fig. 6 ) in unstirred layers.
Third, Fig. 4 shows that, in the steady state, the values of J,I -' and J, ,-I', at a given Pf, were not appreciably different. In other words, osmotic water flow rectification observed in epithelia (23, (44) (45) (46) (47) (48) , depending on whether J, is directed from I to II (mucosal to serosal) or II to I (serosal to mucosal), is not referable solely to the presence of invariant unstirred layers. It has been suggested by other workers that, under certain conditions, osmotic flow rectification may be the consequence of flow-induced changes in the effective flow resistance of unstirred layers (23) . In a companion manuscript (29), we provide evidence which suggests that, at least in the cortical collecting tubule, ADH-independent osmotic flow rectification may be the result of flowdependent changes in the dissipative permeability characteristics of tight junctions.
Figs. 5 and 6 illustrate the effect of varying either the thickness (Fig. 5 ) or the fractional area available for flow (Fig. 6 ) in unstirred layers. In both figures, the parameters Cl, CI , D, 3, and f# were unchanged from the lower curves in Fig. 4 , where Pf was 200 X 10-4 cm s -'. Fig. 5 indicates that increasing the thickness of a had three major effects. The magnitude of the initial peak J,~ ' was reduced; the time required to reach steady-state flow was lengthened; and, the steady state J,TI diminished progressively as the value of a increased. In this connection, it was noted above (Fig. 4) that an thickness of 250 X 10 -4 cm resulted in approximately a 40% underestimate of Pf from the steady-state flows and Eqs. 3 and 3 b. A comparison of Figs. 4 and 5 shows that increasing the value of ac magnified this error further, since the net effect of increasing thickness is to slow the rate of solute back-diffusion from a to solution II. Although the data are not shown in Fig. 5 , the effects on J, -I, when solution II is made hypertonic, are entirely comparable.
In a type B unstirred layer, the area available for water flow is reduced. The computations were carried out as indicated in Fig. 4 .
6 illustrates that a 10-fold reduction in fa reduced the initial peak transient in J,1X-x approximately two-fold and magnified considerably the difference between the early and steady-state values of J,I -I'. In the steady state, the flows in either direction were diminished approximately five-fold when f, was reduced 10-fold. These effects may be rationalized in terms of Eqs. 5 and 12, which indicate that reducing the fractional area for flow increases reciprocally the flow velocity in an unstirred layer, enhancing thereby the sweeping-away effect of volume flow. Finally, Eqs. 2 and 4 b state that the rate of osmotic water flow ought be the same, for a given value of (CI -CI), regardless of the absolute magnitudes of Cl and CI . However, in the presence of unstirred layers, different values of Crl and Ci, although yielding the same value of (C -CII), may result in varying rates of osmotic volume flow, since (C°-C) is given, according to Eqs. 10 and 12, by the difference between two products. Similar considerations apply for the osmotic transients calculated from Eq. 10 and the integrated form of Eq. 8. An illustration of the phenomenon is presented in Fig. 7 , which shows that, for a given set of solution and membrane parameters and the same difference between bulk phase osmolalities, the magnitudes of both the transient and steady-state flows differed, depending on the absolute osmolalities in solutions I and II. . In the lower set of curves in this figure, f, was reduced to 0.1. The computations were carried out as indicated in Fig. 4 . Fig. 4 . FIGURE 8. Initial and steady-state volume flows from lumen to bath (J,lZb) when hypertonic urea solutions were added to the bath. The experimental protocol was identical to that in Table II, except that hypertonic urea rather than NaCl was added to the bath. Each experiment is denoted by a different symbol. Each symbol represents a different tubule.
Experimental
RAPID TIME RESOLUTION OF ADH-DEPENDENT OSMOSIS
According to the hypothesis set forth in Eq. 1, one may rationalize the ADH-dependent discrepancy between Pr and PDW in terms of cellular constraints to diffusion (Eq. 1, R,), if it is assumed that these constraints are approximately 25-fold greater than in an equivalent layer of water. Such an increase in the diffusion resistance of the cell layer with respect to bulk water may be the consequence of geometric factors, including either: a reduction in the area per unit path length available for water diffusion (f,, Eq. 5), an increase in the effective path length for water diffusion (the tortuosity factor of Mackay and Meares [49] ), or a combination of these two factors. Thus, it seemed reasonable to evaluate the possibility of geometric diffusion constraints within the cell layer, and the effects of such constraints on osmotic volume flow, by comparing initial and steady-state osmotic flows in cortical collecting tubules exposed to ADH.
Although it is possible to alter the composition of perfusing solutions in isolated perfused renal tubules, we have not yet devised a method which permits such changes at the rate required by the present experiments. Accordingly, the rapid time resolution of osmosis was carried out on lumen to bath flows, i.e., comparable to JI 'II in Figs. 4, 6 , and 7. A representative protocol for one such experiment is presented in Table II . Before addition of hypertonic NaCl to the bathing medium, the volume flows from lumen to bath (JD b) were indistinguishable from zero. When the bathing solution was made hypertonic by adding 1 M NaCl, volume flow began, and the initial and steady-state flows were the same, within the limits of experimental error. When the bath was again made isotonic, J,'-b returned promptly to zero. Table II also shows clearly that the volume flows remained constant during the test period.
The results of four such experiments in which urea was used to raise the osmolality of the bathing solutions are illustrated in Fig. 8 . In agreement with the data in Table II Table II and Fig. 8 , similar experiments were carried out in two tubules in which sucrose, rather than urea, was used to raise the osmolality of the bathing solutions. The results were indistinguishable from those in Table  II and Fig. 8 .
COMPARISON OF EXPERIMENTAL DATA AND ANALYTICAL MODEL
Figs [9] [10] [11] compare the experimental data in Fig. 8 with the predictions from the model This table presents the protocol for a typical experiment involving the rapid time resolution of ADH-dependent osmotic water flow, lumen to bath. The tubule length was 3.9 mm and the inner surface area was 3.43 X 10 -3 cm 2 . The perfusion fluid was isotonic KRP buffer containing 3 H-inulin. Before zero time, the bathing solution was isotonic KRB buffer containing 250 M/U ml-' ADH. At zero time, the indicated amount of M NaCl was added to the bath. At 19 min, the bath was changed back to isotonic KRB buffer containing 250 uU ml -l . The sampling pipets were calibrated at 1.24 nl min -1 and 3.74 nl min-' for collection periods either, respectively, shorter than or longer than 2 min in duration. The perfusion rates, collection rates and J-b were measured as described in Methods.
in Fig. 2 . We note in this regard that the model developed from Fig. 2 was explicitly for a planar membrane system. Thus, application of the model to the present experiments represents an approximation, since the renal tubule is a cylindrical structure with different areas at luminal and peritubular surfaces. Taking the luminal surface as the membrane, solutions I and II represent, respectively, the luminal and bathing solutions. The description of osmotic flows in terms of the integrated form of Eq. 8 and 10 requires, for a given set of bulk phase conditions, the values of Pf, a, '/, f, and f . The latter were chosen in the following way.
There is no supporting layer of connective tissue in cortical collecting tu-bules (10, 11) and the luminal diameter is 20-25 X 10 -4 cm (14) . Moreover, as shown previously (Introduction; [14] ), PDo was invariant over a 10-fold range of bulk viscosity. Consequently, it seems reasonable to assume that was neglibibly small with respect to a, and that the latter was referable to the cell layer in series with the luminal surface rather than to bulk phase unstirred layers. Second, a comparison of Eqs. 2 and 4 b with Eq. 12 indicates that, as the magnitudes of geometric diffusional constraints increase, in the present instance a and fa, the value of Pf computed from Eq. 12 must exceed that computed from Eqs. 2 and 4 b. Thus, the values of Pf used in Figs. 9-11 were calculated according to Eq. 12 from the experimental data in Fig. 8 and the values assigned to a and fa in the figures.
The thickness of the cell layer of cortical collecting tubules is 6-7 X 10-4 cm. If the cellular hindrance to water diffusion were the consequence of a tortuosity factor, the effective thickness of the cell layer required by Eq. 1 would be approximately 150 X 10-4 cm. In Fig. 9 , the mean values SEM for J,t b from Fig. 8 were plotted in relationship to the osmotic transients predicted when the effective thickness of the path for water flow in the cell layer i.e., a in Fig. 2 ) was taken to be either 7 X 10 -4 cm, 50 X 10 -4 cm, or 150 X 10-4 cm. It is evident from Fig. 9 that even a seven-fold increase in the effective Minutes Seconds were computed from these parameters using the integrated form of Eqs. 8 and 10. FIGURE 10 . The point represents the mean value -SEM for the results at 30 s in Fig.  8 . The values of Pf shown in the figure were computed according to Eq. 12 from the indicated values of fa and the experimental data in Fig. 8 , taking a = 7 X 10 -4 cm. The curves were computed from these parameters using the integrated form of Eqs. 8 and 10. Alternatively, the cellular constraints posed in Eq. 1 could be due solely to a 25-fold reduction in the area available for water diffusion. The curves in Fig.  10 illustrate that no osmotic transient would have been detected if f, were 0.04. Moreover, a comparison of the P, values at the two different f, values indicates that reducingf, to 0.04 resulted in less than a 20% underestimation of P . Taken together, the results in Figs. 8-10 suggest that the geometric constraints to water flow in the cell layer of these cortical collecting tubules, required to rationalize the discrepancy between P 1 and PDo according to Eq. 1, could be described better by a reduced area per unit path length than by a tortuosity factor.
In order to evaluate the magnitude of f, more explicitly, we note that, for sufficiently large values of J,, a and , and/or sufficiently small values off, and fo, Eq. 12 predicts nonlinear osmosis (50) for increasing values of (CICIr). -6.
-4. . P was computed from the data in Fig. 8 as described in the legend for Fig. 10 . As in Figs. 9 and 10, was taken to be zero. observed steady-state values of J in either direction and a curve drawn from Eq. 12, choosingfa to be 0.04. As indicated previously (14) , volume flow from lumen to bath varied linearly with the solute concentration difference between lumen and bath. Moreover, the observed values of J, were significantly less than those predicted if the value off, were 0.025. Finally, in the presence of ADH, J for a given concentration gradient was not detectably different whether flow was directed from lumen to bath or from bath to lumen.
DISCUSSION
Theoretical Analysis
The theoretical results in this paper provide a quantitative description of certain deviations, referable to unstirred layer effects, from the behavior predicted in an ideal osmotic experiment. Some of these phenomena (4, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (35) (36) (37) (38) (39) , as well as the effects of unstirred layers on electrical membrane parameters (28, 51, 52) , have been considered previously. In the present context, we summarize our observations with particular regard to water transport in epithelia.
Figs. 4-7 and Fig. 11 illustrate four kinds of unstirred layer effects on osmotic processes. When unstirred thicknesses are unequal, there may occur asymmetric osmotic transients, depending on the direction of volume flow (Fig. 4) . Second, contrary to earlier assumptions (17) , steady-state osmotic flows may be appreciably less (Fig. 4) than those predicted from ideal conditions, or, stated in another way, Eqs. 2 and 4 b may underestimate Pf to a considerable extent. Significantly, both the ratio of the peak transient to steady-state flow, in the case of J,"II -, and the error in underestimating PI, are amplified by increasing membrane water permeability (Fig. 4) or unstirred layer thickness (Fig. 5) , or by reducing the fractional area for water transport (Fig. 6) . Third, the magnitude of osmotic flow depends not only on the bulk phase solute concentration difference, but also on the absolute solute concentrations (Fig. 7) . Fourth, nonlinear osmosis may occur without alterations in the permeability characteristics of membranes or the geometry of unstirred layers (Fig. 11) .
It is relevant to compare these observations with the studies of Wright et al. (23) which represent, to our knowledge, the only other published experimental data on osmotic transients in epithelia. These workers noted an osmotic transient for serosal to mucosal flow (comparable to J,III in Fig. 4 ) in gall bladder having a duration in excess of 15 min and approximately a 10-fold ratio of peak to steady-state flows; the values of Pf computed from the steadystate flows and Eqs. 2 and 4 c, approximately 30 X 10 -4 cm s -, were considered to represent a 10-fold underestimate (23) . The mucosal and serosal unstirred layer thicknesses cited for the gall bladder are, respectively, 100 X 10 -4 and 400-800 X 10-4 cm (23, 37); and Wright et al. (23) estimated that approximately half the volume of the epithelial cell layer, fa in the model shown in Fig. 2 , was available for water flow. Using these parameters according to the method shown in Fig. 4 , one may calculate that a Pf in the range of 800-1,000 X 10-4 cm s-' is required to account for the observed magnitude and duration of the osmotic transients reported by Wright et al. (23) . Thus, we agree with the conclusion of these workers that Pf was underestimated from steady-state flows. However, it seems likely that the error in determining Pf may have been significantly greater than inferred by Wright et al. (23) .
Similar considerations may apply to analyses of water flows in other epithelia. The values of a and if listed in Fig. 4 are comparable in magnitude to, respectively, mucosal and serosal unstirred layer thicknesses in the toad urinary bladder (4); and, a Pf of 200 X 10 -4 cm (Figs. 4-6 ) is similar to the values reported for this coefficient in the ADH-treated toad urinary bladder (3, 4) . We consider in this connection the significance of epithelial cell layers and supporting stroma as type B unstirred layers, in which f, is less than one.
It appears likely that isotonic volume reabsorption in certain epithelia involves transcellular volume flow into the lateral intercellular spaces produced by a standing osmotic gradient in those spaces (34, 39) . In the cortical collecting tubule (8, 10, 11, 14) , the frog urinary bladder (53) , and the toad urinary bladder (54), ADH-dependent osmosis from lumen (or mucosa) to bath (or serosa) is accompanied by widening and dilation of lateral intercellular spaces; similar changes in the geometry of lateral intercellular spaces occur during lumen to blood osmosis in the proximal tubule (55) . Thus, f, (Fig. 2) for such epithelial cell layers will be reduced below one to the extent that lateral intercellular spaces shunt volume flow across the cell layer, either during isotonic volume reabsorption (34, 39, 56, 57) or volume flow driven by an external osmotic gradient (8, 10, 11, 14, (53) (54) (55) .
The supporting layers of epithelia may be a second site of area restriction in water transport. Diamond has noted that the diffusion resistance for sucrose in the serosal connective tissue of gall bladder is reduced, with respect to water, probably because connective tissue fibers constitute a diffusion hindrance (37) . In the toad urinary bladder, the thickness of the supporting layer is in the range 20-100 X 10 -4 cm (4); for DH2, = 2.36 X 10 -5 cm 2 s -' (16), the predicted resistance to water diffusion in an equivalent thickness of water would be, at a maximum, about 400 s cm-'. However, the observed resistances to water diffusion for this supporting stroma were in the range 1,000 s cm-l (4). It seems reasonable to infer that the discrepancy between expected and observed resistances to water diffusion may be due to stromal elements which restrict water transport in supporting layers of epithelia, either by tortuosity constraints (49) or by diminishing f, (Fig. 2) . The effects of such geometric factors on transepithelial osmosis are indicated in Figs. 5 and 6.
The hypothesis set forth in Eq. 1 indicates that a 25-fold increase in the diffusion resistance of the cell layer to water diffusion, with respect to bulk solution, could account quantitatively for the ADH-dependent Pf/PD, discrepancy, provided that Pf was not underestimated. Stated in another way, we assumed that ADH increased the rate of water diffusion across the luminal surfaces of cortical collecting tubules (14) , which remained impermeable to urea, NaCl, and sucrose in the presence of ADH (15) . In accord with this hypothesis, the diffusion resistance of cortical collecting tubules for lipophilic species having zero reflection coefficients, with or without ADH, was 15-25 times greater than expected for an equivalent layer of water (14) . In principle, it might be argued that the diffusional constraints were the consequence either or frictional and/or geometric factors.
It has been suggested that, in certain instances, cytoplasmic viscosity might hinder appreciably water and solute diffusion within cells (58, 59) . If it is assumed that the cells of cortical collecting tubules are isotonic with the bathing solutions, the fractional constraints imposed by cytoplasmic viscosity would have to be due primarily to macromolecules. The relationship between diffusion and viscosity may be described by the Stokes-Einstein expression:
where N = Avogadro's number, ai is the radius of the diffusing species and -; is the viscosity. Although the linear relationship between Di and is approximated when small molecules such as sucrose are used to vary bulk phase viscosity (14, 22, 60, 61) , it does not apply for viscosity changes due to macromolecules (62, 63) . Rather, the elegant studies of Wang et al. have shown clearly that alterations in bulk viscosity produced by albumin have relatively small effects on D,,, (63) . Since the number and mobility of macromolecules in aqueous solution are both negligibly small with respect to water molecules, small molecules diffusing in water are "obstructed," in the terminology of Wang et al., to a relatively slight degree by macromolecules (62) . On the other hand, the linear reduction in bulk flow with increasing viscosity expressed by Poiseuille's law is relatively independent of the molecular species used to perturb viscosity (64) . Thus, cellular constraints referable to viscosity changes would be expected to retard volume flow to a greater extent than water diffusion, in direct contrast to the experimental observations on P and PD. (Introduction; [14] ). Alternatively, the experiments reported in this paper are consistent with the view that geometric factors, more specifically a reduction in f,, accounted for diffusion constraints in the cell layer. Within the limits of time resolution currently available, there were no detectable osmotic transients for ADH-dependent lumen to bath flow (Table II; Fig. 8) . If the effective path length for water transport in the cell layer were increased even seven-fold, to 50 X 10 -' cm, the curves in Fig. 9 indicate that an osmotic transient would have been detected by the present experimental technique. However a reduction in f, to 0.04, which is adequate to account quantitatively for R,,,, in Eq. 1, would not have produced either detectable osmotic transients or a significant error in underestimating P 1 from steady-state flows (Fig. 10) . It is unlikely the f, was much less than 0.04, since the observed values of J, agreed reasonably well with the theoretical curve for fa = 0.04 but were consistently different from the curve for fa = 0.025 (Fig. 11) .
On the basis of these experimental and theoretical observations, we suggest that geometric rather than frictional constraints could account for the increased resistance of the cell layer of these cortical collecting tubules for lipophilic species (14) and, in terms of Eq. 1, presumably for water. The geometric constraints may have been the consequence of approximately a 25-fold reduction in the area available for water transport (Figs. 8-11 ), and resulted in relatively small errors in underestimating Pf (Fig. 10) according to Eqs. 2 and 4 b. Stated in another way, the magnitudes of J, in these experiments were not sufficiently large to have an appreciable sweeping-away effect on solute concentration differences across luminal interfaces.
The precise anatomical pathways for water flow in the cell layer have not been defined. However, the fact that osmotic flow from lumen to bath widens the lateral intercellular spaces in the renal proximal tubule (55) and in the ADH-treated cortical collecting tubule (8, 10, 11, 14) or amphibian urinary bladder (53, 54) implies that these spaces may operate as partial shunts for volume flow during transepithelial osmosis. Such morphologic observations do not provide evidence quantitating the fraction of lumen to bath osmotic flow which involves lateral intercellular spaces. If the majority of such osmotic flow involved lateral intercellular spaces, the model set forth in Fig. 3 , which is one-dimensional in nature, would require modification to take into account components of osmotic flow directed laterally into the intercellular spaces.
Alternatively, it may be that a significant component of lumen to bath osmotic flow involves a transcellular route. In that regard, the average height and width of cortical collecting tubule cells is approximately 10 X 10-4 cm (10, 11) so that the area of a tubular cell facing the lumen is roughly 10 -8 cm 2 . The reported width of intercellular spaces in collecting tubule cells is 75-300 A (10, 11) . Choosing a width of 300 A, the area of two lateral spaces adjacent to a tubular cell is 6 X 10 -9 cm 2 . These calculations, admittedly rough approximations, imply that for f = 0.04, a major fraction of vol-ume flow probably involves transcellular pathways. We assume the latter are in part responsible for diffusion constraints to lipophilic species (14) .
According to this view, ADH increases water diffusion across the luminal surfaces of cortical collecting tubules; and the epithelial cell layer is analogous to the second "porous" barrier proposed by Ussing et al. (1, 2) and, subsequently, Hays and Leaf (3) in describing the effects of ADH on anuran epithelia. In that regard, the ADH-dependent value of P 1 in toad urinary bladder is approximately 200-240 X 10-4 cm s -' (3, 4) , and Hays and Franki have estimated the ADH-dependent value of PD. in the epithelial cell layer of that tissue, exclusive of supporting stroma, to be 11 X 10 -4 cm s -'. There is close accord between these data and the comparable values in cortical collecting tubules (Introduction; Fig. 8 ; [8, 14] ). Moreover, Parisi and Piccini (65) have recently provided direct evidence for significant hindrances to water diffusion in the epithelial cell layer of the toad bladder. Thus, we argue that a model similar to the one proposed in this paper for the cortical collecting tubule may also account for the effect of ADH on water flows in other epithelia. Finally, the results in this paper provide no information concerning how ADH might increase the rate of water diffusion across the luminal surfaces of cortical collecting tubules. As indicated previously, such an analysis requires information concerning the f, term in Eq. 4. A series of experiments designed to evaluate this parameter are presented in a companion paper (29) .
